A unique phosphoribulokinase (ADP:D-ribulose 5-phosphate 1-phosphotransferase, EC 2.7.1.19) has been purified to homogeneity from the green alga Selenastrum minutum. The enzyme has a native molecular mass of about 83 kilodaltons and a native isoelectric point of 5.1. The enzyme consists of two differentsized subunits of 41 and 40 kilodaltons, implying that it is a heterodimer. This is the first report of a eukaryotic heterodimeric phosphoribulokinase. The in vivo existence of two nonidentical subunits of S. minutum phosphoribulokinase was confirmed by westem blot analysis of crude protein extracts from trichloroacetic acid-killed cells. These two subunits were immunologically similar, as rabbit immunoglobulin G affinity purified against the 41 kilodalton subunit of S. minutum phosphoribulokinase (PRK) cross-reacts with the 40 kilodalton subunit and vice versa. Antibodies against S. minutum phosphoribulokinase also cross-react with the spinach enzyme. NH2-terminal sequencing revealed that the two S. minutum PRK subunits shared a considerable degree of structure homology with each other and with the enzymes from spinach and Chlamydomonas reinhardtii, but not with PRK from Rhodobacter sphaeroides. There are, however, differences between the NH2-terminal amino acid sequences of the two S. minutum PRK subunits, that imply that they are the products of separate genes or products of two different mRNAs spliced from a single gene. (6, 9, 15) in being composed of identical subunits. Here we report the purification of PRK from the green alga Selenastrum minutum. The physical, molecular, and immunological properties of this algal PRK have been examined. Two nonidentical PRK subunits are found in this organism. The NH2-terminal sequence of each subunit suggests that they are not a result of posttranslational modification but are products of different genes or the products of two mRNAs spliced from a single gene.
PRK2 (ATP:D-ribulose 5-phosphate I-phosphotransferase, EC 2.7.1.19) is a key regulatory Calvin cycle enzyme that catalyzes the ATP-dependent phosphorylation of Ru5P to form the photosynthetic CO2 acceptor molecule RuBP: PRK Ru5P + ATP--dRuBP + ADP PRK has been purified from higher plants (6, 9, 10, 15) , cyanobacteria (13, 18) , a hydrogen bacterium (19) , and a photosynthetic bacterium (21) . The higher plant enzymes studied to date are homodimers with a native molecular mass ' of approximately 90 kD (6, 9, 15) . In contrast, enzymes from the hydrogen bacterium Alcaligenes eutrophus (19) , the photosynthetic bacterium Rhodopseudomonas capsulata (21) , and the cyanobacterium Chlorgloeopsis fritschii (13) have their native molecular mass between 220 and 256 kD and are composed of six (13, 21) or eight (19) identical subunits.
Although less studied than the higher plant or bacterial enzyme, PRK from the green algae Scenedesmus obliquus (1 1, 12) and Chlamydomonas reinhardtii (16, 17) resembles the higher plant enzyme (6, 9, 15) in being composed of identical subunits. Here we report the purification of PRK from the green alga Selenastrum minutum. The physical, molecular, and immunological properties of this algal PRK have been examined. Two Western blots were performed as described by Plaxton (14) .
Production of Antisera
Production of rabbit antisera against homogeneous PRK purified from S. minutum was carried out as previously described (14) .
Immunoremoval of Enzyme Activity
The final preparation of PRK (0.02 unit) was incubated at room temperature in a solution containing 20 ML PBS (40 mM NaPi, 150 mm NaCl, pH 7.4), 1 ML DTT (200 mM), 6 ,uL BSA (1 mg/mL), and varying amounts of rabbit anti-PRK immune serum or preimmune serum (total volume 0.6 mL). 
RESULTS

Purification of PRK
Unless otherwise stated, all procedures were performed at 4°C. The summary of the purification protocol is given in Table I . 
Heat Treatment
The crude extract was incubated with continuous shaking in a water bath at 50°C for 3 min, cooled on ice, and then centrifuged as above. The supernatant, which contained PRK activity, was collected.
Ammonium Sulfate Fractionation
Solid (NH4)2SO4 was added with stirring to the heat-treated supernatant to 30% saturation. The solution was stirred for 15 min and centrifuged as above. The pellet was discarded, and the supernatant, containing most of the PRK activity, was adjusted to 60% saturation with solid (NH4)2SO4. The solution was stirred for 15 min and centrifuged as above. Protein precipitating between 30 and 60% saturation (NH4)2SO4 was collected, dissolved in a minimum volume of buffer C, and then loaded onto a Sephadex PD-10 column of G-25 preequilibrated with buffer C. The protein solution containing PRK activity was collected.
DEAE-Sephacel Chromatography
The desalted protein sample was applied, at 0.5 mL/min, to a column of DEAE-Sephacel (2.5 x 8 cm) that had been preequilibrated with buffer C and connected to an FPLC system. The column was washed with buffer C until the A280 decreased to about 0.05. PRK activity was eluted in a sharp peak with a 200-mL linear gradient of KC1 in buffer C (0-600 mM). Fractions of 2 mL were collected. The fractions containing the PRK activity peak were pooled and concentrated to 4.5 mL by ultrafiltration (Amicon PM-30).
Phenyl-Sepharose CL-4B Chromatography
The concentrated sample was brought to 25% (NH4)2SO4 saturation by adding an appropriate volume of a solution of 100% (saturation) (NH4)2SO4 containing 50 mm imidazole-HC1 (pH 6.8) and 5 mm DTT, kept on ice for 15 min, and centrifuged as above. The resulting supernatant was applied, at 0.5 mL/min, to a column of Phenyl-Sepharose CL-4B (2.5 x 5 cm) previously equilibrated with buffer D. The column was washed with buffer D until the A280 decreased to 0.05, and then eluted in a stepwise fashion with decreasing concentration of buffer D and simultaneously increasing concentration of buffer E. Fractions of 2 mL were collected. PRK activity eluted in a sharp peak after the step from 75 to 100% buffer E (25-0% buffer D). The fractions containing the PRK activity were pooled.
Reactive Red 120-Agarose Chromatography
The pooled PRK fraction from the Phenyl-Sepharose CL-4B column was brought to 5 mM Mg2+ with a solution of 500 mM MgCl2. The enzyme sample was loaded, at 0.5 mL/min, onto a column of reactive red 120-agarose (1.5 x 10 cm) that had been equilibrated with buffer F. The column was washed with 4 bed volumes of buffer F, followed by 4 bed volumes of buffer G, and then the enzyme was eluted in a sharp peak with buffer H. Fractions of 1.5 mL were collected. The fractions containing PRK activity were pooled and concentrated to 0.6 mL by ultrafiltration (Amicon YM-30).
FPLC Superose 6 Chromatography
The concentrated PRK (in 200 ,uL aliquots) from the reactive red 120-agarose column was applied, at 0.25 mL/ min, to a Superose 6 HR 10/30 column that had been equilibrated with buffer A. Fractions of0.5 mL were collected. Fractions with PRK activity were pooled, divided into 250-,iL aliquots, frozen in liquid N2, and stored at -80°C. The purified enzyme was stable for several months.
As shown in Table I , this procedure resulted in the 658-fold purification of PRK from the green alga S. minutum. The final specific activity was 197.5 units/mg with a recovery of about 17%.
Subunit Composition and Molecular Mass
SDS-PAGE of samples collected throughout purification indicated that two polypeptides copurified with S. minutum PRK activity and were present at a ratio of 1:1 in the final enzyme preparation (Fig. 1, lane 7) . Only a single band was detected by nondenaturing PAGE ( Fig. 2A) and nondenaturing isoelectric focusing (Fig. 3A) NH2-terminal sequence of each PRK subunit was determined and is shown in Figure 7 . Both S. minutum PRK Aftuew 31 subunits display considerable homology with each other and with PRKs from C. reinhardtii and spinach, but not with _ 22 PRK from the photosynthetic bacterium Rhodobacter sphaeroides (Fig. 7) . Figure 3B , was 5.1.
Immunological Characteristics
The specificity of rabbit anti-(S. minutum PRK) immune serum was shown by its ability to effectively immunoprecipitate the activity of the purified enzyme (Fig. 4) . Preimmune serum had no effect on the enzyme activity (Fig. 4) . Thus, this antiserum was used in the immunological studies.
To eliminate any possible protein degradation that might result in artifactual differences in subunit molecular mass, living cells were passed through a French press in a 10% TCA solution according to the method of Wu and Wang (22) and the TCA-precipitated protein solubilized and analyzed by western blots using affinity purified anti-(S. minutum PRK) IgG. Even in these conditions, two polypeptides were detected (Fig. 5, lane 1) , which corresponded to the 40 and 41 kD polypeptides present in the final PRK preparation (Fig. 5,  lane 3 ). Anti-(S. minutum PRK) IgG also cross-reacted with the spinach enzyme (Fig. 5, lane 2) .
To investigate the immunological relationship between the two S. minutum PRK subunits, the final enzyme preparation was probed with either affinity purified anti-(4 1 kD subunit) IgG (Fig. 6A) or anti-(40 kD subunit) IgG (Fig. 6B) . The 40 kD subunit cross-reacted with anti-(4 1 kD subunit) IgG (Fig.  6A, lane 1) and the 41 kD subunit cross-reacted with anti-(40 kD subunit) IgG (Fig. 6B, lane 1) . Both DISTANCE FROM ANODE (cm) Figure 3 . A, Nondenaturing isoelectric focusing in the pH range of 3.5 to 9.5 as described in "Materials and Methods." Lane 1, the final preparation of PRK from S. minutum; lane 2, isoelectric focusing protein standards. B, Isoelectric point estimation for S. minutum PRK via a plot of the reported isoelectric points of the standard proteins against their distance from the anode. (13, 18) and lower than that reported for the spinach PRK (320-410 units/mg) (9, 10, 15) or C. reinhardtii PRK (410 units/mg) (16) . The native molecular mass of S. minutum PRK, as estimated by gel filtration chromatography, was approximately 83 kD, which resembles that reported for the higher plant enzymes (6, 9, 15) , the cyanobacterium Anabaena cylindrica enzyme (18) , and the green alga S. obliquus enzyme (active form) (1 1); it is lower than that reported for the enzymes from the hydrogen bacterium A. eutrophus (19) , the photosyn-41 kD 40 kD thetic bacterium R. capsulate (21) , or the cyanobacterium C.fritschii (13) .
Two nonidentical subunits (40 and 41 kD) of S. minutum PRK were observed in the final enzyme preparation, both of which are in the range of subunit sizes previously reported for other green algae (3942 kD) (11, 16) . This heterogeneity of subunit size was seen even when crude protein extracts from TCA-killed S. minutum were analyzed by western blots and, therefore, was not the result of protein degradation during purification (Fig. 5, lane 1) . If, as isoelectric focusing and nondenaturing PAGE suggest (Figs. 2 and 3) , there is only one native form of PRK, then it must exist as a heterodimer (4) . The results of immunological studies described here suggested that both PRK subunits of S. minutum were similar in structure to each other as well as to the higher plant enzyme. This similarity was reflected in their NH2-terminal sequences, which shared strong homology (Fig. 7) . Some differences between the two S. minutum PRK subunits at primary structure level indicated that they represent the products of different genes or the products of two different mRNAs spliced from a single gene.
